This paper emphasises the idea that the kinetic energy getting wasted while vehicles move can be utilized to generate power by using a special arrangement called "hydraulic power hump. " Hydraulic technology is used to convert linear transient motion into rotational. Dynamic model for the new design has been derived and analyzed based on Lagrange differential equation. Governing differential equations are solved by numerical "Duhamel integral. " Theoretical simulations are carried out to study the features and estimation power. Guidelines are given for the design of this type of power speed humps.
Introduction
In the present day scenario power has become the major need for human life. Energy is an important input in all the sectors of any country's economy. The day-to-day increasing population and decreasing conventional sources for power generation provide a need to think of nonconventional energy resources [1, 2] .
Automobiles are utilized all around the world and provide their users with a highly convenient means of transportation. Despite their benefits, automobiles, in general, are a significant contributor to the energy and environment issues that we are facing today, only about 14%-30% of that fule energy is used to move the vehicle down the road, depending on the drive cycle. The rest of the energy is lost to engine and driveline inefficiencies or used to power accessories. Therefore, the potential to improve fuel efficiency with advanced technologies is enormous [3] . Vehicles dissipate (waste) a large portion of their energy in the form of kinetic energy through their braking and suspension systems. However, research and development of mechanism capable of converting vehicle wasted energy into useful power remains in the primary stage [4] . Several researchers have explored the concept of regenerative vehicle suspension to harvest power from mass-spring vibration energy, like that of Zuo et al.
that is designed as a linear electromagnetic energy harvester capable of generating more than 16-64 watts of energy from all four shock absorbers with 0.25-0.50 m/s RMS suspension velocity [5] .
A large number of vibration-based energy harvesting devices (EHDs) have been proposed to harvest power using various mechanisms, including electromagnetic, electrostatic, and piezoelectric ones [6, 7] .
Among them, piezoelectric EHDs have received more attention due to their self-contained power generation capability, but higher power quantities are just promised for the near future by means of optimized design and improved materials.
This paper produces a new design of speed hump for recovering energy from traveling vehicles and some investigations have been conducted to apply this kind of devices. Very few attempts in this field exist in the literature, for example, with piezoelectric [8] and hydraulic systems [9] , but here the authors focused on a completely different device, namely, a speed bump system. Moreover, other pedestrian safety studies have seen challenging experiments and braking devices tested in complex urban environments, such as in [10, 11] .
Power bumps are innovative energy harvesting devices similar to flat speed humps but recover the energy wasted by vehicle brakes in decelerating lanes. They reduce speed, produce electric energy [12] , and increase road safety at the same time. In our view, the replacement of hydraulic pumps and mechanical flywheel with an electromagnetic generator and dynamic power control would increase the efficiency of the system by drastically reducing the vulnerability due to faults and damages, since no mechanical transmission is used in tubular generators. Linear generators are today increasingly used for energy conversion, since many natural energy sources exhibit alternating motion [13] . In fact, renewables are often characterized by presenting discontinuous phenomena without very dense energy content. Moreover, a similar technology has been recently proposed in several marine applications as a well-suited device for wave energy harvesting [14, 15] . The scope of this study is design of a special hydraulic hump able to harvest energy from vehicles when travelling with speed range (20-50 km/hr) to feed back the "electrical vehicles charging station" with electricity by green energy source in the future applications.
System Description
Power hump design consists of several successive hydraulic pumps pumping fluid towards a commonly single hydraulic motor by separated cycles. These pumps are lined up and included by a portable steel hump structure which has dimensions similar to the standard "watts speed hump" as shown in Figure 1 .
Pumps cycle is arranged in the form which allows pumping working fluid into the common motor without overlap. All the pumps have a similar stroke height, but they have different swept volume, where it increases gradually from the first to the last pump, via varying of a pump piston cross-section area. That means that, through the motor, fluid flow rate will gradually increase from the lowest value to the highest value at the last pump. Fluctuation in discharge of fluid results in accelerating a flywheel-generator system from zero speed to the maximum in step-by-step method. In this paper ratio of the motor angular motion to the pump linear motion is called "motion ratio ( ). "
Pump system
Flywheel and generator Accumulator Motion ratio is different from one pump to another depending on pump site as for the first pump and its crosssection area. It increases gradually. The first pump has the smallest motion ratio to be able to rotate a heavy flywheel from the rest while the second pump has a value of motion ratio which is larger than that of the first pump to accelerate flywheel onto the next level of speed.
To increase system efficiency and potentiality of harvesting energy from all types of vehicles, pumps are distributed in the form of a symmetric matrix, as shown in Figure 2 . Rows are referring to the pumps which lined up to crossing motion while the columns are referring to the pumps that lined up in parallel with motion. Each row has a symmetric motion ratio. The number of the rows is referring to the number of the system stages.
Hydraulic motor should be highly efficient fixed displacement type to change fluid flow rate into rotational without losses in fluid energy. A fixed displacement motor type means the output motor shaft speed varies only when making change of motor fluid flow rate, depending on the discharge of stage and pump site.
Flywheel is coupled directly with the motor shaft by oneway clutch system to be able to separate from the motor shaft when motor speed descends. Rotor of the generator is assembled directly with the flywheel to reduce inertia and coupling losses, in addition to minimizing height of the motor, flywheel, and generator system as much as possible to be contained in the steel frame, as shown in Figure 3 .
Modeling
In order to determine motion of all system elements, it is necessary to establish dynamic equilibrium differential equations, generally called "equations of motion. " The direct problem of this dynamic system is pursuing of determination of system's motion during a period of time originated by known external forces and/or the kinematically driven degrees of freedom. The position of the multibody system is characterized by its dependent coordinates. This study uses a Lagrangian equation of motion, which relies on the energy balance, as follows:
where (M) is the general effective mass, (D) is the general damping coefficient, (K) is the general stiffness constant, F( ) is the system input force, and (y,ẏ ,ÿ ) are the linear motion, speed, and acceleration, respectively. In order to carry out the theoretical modeling and applied Lagrange equation of motion, it is necessary to assume an ideal fluid flow and frictionless pumps, motor, and flywheelgenerator system. Classification of degree of freedom of the system is carried out as a single degree of freedom with multi-input stages, but there is only one effective stage under the instantaneous input load, with initial conditions different from one stage to another depending on state of flywheelgenerator system. Figure 4 shows schematic of the main system elements and its motion relation.
To determine motion, speed, and acceleration of each element the main system coordinates must be located. The first coordinate of the suggested design is located to observe pumps head motion relative to the hump level and the second coordinate is located on the center of the motor to observe motion of the motor, flywheel, and generator relative to the pump motion, as shown in Figure 5 . For any stage, ratio between motion of the second coordinate and motion of the same stage first coordinate is equal to the stage motion ratio ( ). Now, to find system differential equation of motion according to Lagrange analysis and definition of stage coordinates the following terms should be defined.
Effective Inertia Force.
To define effective inertia force and effective damping force relative to the pump motion, it is necessary to define motion ratio ( ).
Motor discharge is defined as
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where ( ) is the motor discharge, ( ) is the motor discharge constant (depending on the motor design), and (Ω sh ) is the angular velocity of the motor. For any stage, motor discharge per unit pump stroke is equal to the pump swept volume per unit stroke; then
Then, motion ratio can be defined as
where ( sh ) is the angular displacement of the motor shaft per unit pump stroke, ( pis ) is the pump piston cross-section area, ( st ) is the pump stroke, and ( ) is the motion ratio.
( st ) is equal to the pump piston stroke which is, at the same time, equal to the pump head motion down ( ); then (4) can be written as follows:
where (Ω ) is the flywheel angular speed which is, at the same time, equal to the motor speed and () is the pump vertical down velocity.
Then, according to the definition of the motion ratio ( ) the effective motor mass can be defined as
where ( ) is the effective motor mass which is the effect on the pump motion and ( ) is the motor mass moment of inertia.
Flywheel motion is equal to the motor motion; then the effective flywheel mass can be defined as
where ( ) is the effective flywheel mass which is the effect on the pump motion and ( ) is the flywheel mass moment of inertia. Flywheel kinetic energy can be defined as follows:
where ( ) is the flywheel stored kinetic energy. Equation (9) shows that the most efficient way to increase the stored energy is to speed up the rotating of the flywheel. Then, the stage effective inertia force (Mÿ ) which is the effect on the pump motion is defined as follows:
where ( ) is the pump effective mass and () is the pump shift down acceleration. 
Effective Damping Force.
In this design damping force equals summation of the moving parts friction, fluid layers friction, and resistance magnetic torque which is generated inside the generator when current flows in the load circuit. Magnetic force is very large in comparison with the friction force. Friction force is difficult to be calculated theoretically, but it is estimated in the practical test; therefore, only magnetic force will be calculated assuming a system is frictionless. In general, electromagnetic generator (EMG) consists of wound copper coils and magnetic field source; voltage develops in the coil's circuit proportionally with developing of the magnetic field source relative velocity. Current flow in the closed load circuit is produced inside magnetic field opposite in direction to original magnetic field; thus, EMG damping torque depends on the amount of the current flow in the load circuit. EMG damping torque affects directly the flywheel rotational time. Figure 6 shows diagram of main resistance in the load circuit.
The electromotive force (e.m.f.) induced in a circuit is proportional to the time rate of change of the magnetic flux linkage of that circuit:
where ( ) is the generated voltage and (Φ) is the flux linkage.
In most of the applications the circuit consists of a coil of wire with multiple turns and the magnet field is created with permanent magnets, so the voltage induced is given by
In general flux linkage for a multiple turn coil should be evaluated as the sum of the linkages for the individual turns [16] :
where ( ) is the magnetic flux density over the area of ( th ) turns. In the case where the flux density can be considered uniform over the area of the coil, the integral can be reduced to the product of the coil area, number of turns, and the component of flux density normal to the coil area:
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This study uses 3-phase DC alternator with permanent magnetic field that is mean motion between the coil and the magnet is in a single direction ( ) and the magnetic field ( ) is produced by the permanent magnet and has no time variations, so in this case the voltage in (11) can be simplified to
To extract power from generator coil terminals must be connected with the load resistance ( ) allowing a current to flow in the coil. The interaction between the field caused by the induced current and the field from the magnets gives rise to a torque which opposes the rotation and is proportional to the load current and the velocity:
where ( ) is the EMG resisting torque, ( ) is the EMG damping coefficient, and ( ) is the generator angular displacement.
Maximizing the power in the form of electrical energy involves the maximization of the electromagnetic generator damping coefficient ( ).
Then, the instantaneous extracted power ( ) is defined as
and this power is dissipated in the coil and load impedance [16] where * = 2 + + ,
where ( ) is the load resistance, ( ) is the coil resistance, and ( ) is the coil inductance. By substituting (16) and (17) in (19) we get * ( )
By simplifying (20) we get
The idea will be to maximize the flux linkage gradient and minimize the coil impedance [16] . Then, the stage effective damping force (Dẏ ) can be defined as follows: where ( ) is EMG damping coefficient, ( ) is the motion ratio, and () is the pump head shift down speed.
And (18) can be written in the following form:
where ( ) is the current flow in the load circuit and ( eq ) is the equivalent circuit impedance.
Effective Stiffness Force.
System is classified as a single degree of freedom with multi-input stages, and there is only one effective stage under the instantaneous input load; therefore, there is only one spring which will be opposite action of the input load. Then, the stage effective stiffness force (Ky) is
where ( ) is the constant of the pump return spring and ( ) is the pump stroke.
Effective Input Force.
Hydraulic power hump input force is a function of a combination of factors, such as vehicle's weight ( ), horizontal vehicle speed (V), vehicle's wheel diameter ( ), height of the pump head cap (ℎ), longness of the horizontal distance ( ) which is needing to make complete stroke, value of the angle ( ) between wheel center and contact point with the pump head cap, and the geometry of the pump head cap, as shown in Figure 7 .
To carry out the theoretical system simulation, it is necessary to limit the following parameters: any vehicle wheel effective weight ( = 250 kg), wheel diameter ( = 70 cm), geometry of the pump head cap which is a hemisphere with base radius (10 cm) and maximum height (ℎ = 2.5 cm), the effective horizontal distance ( = 14 cm), and vehicle speed range (30-50 km/hr).
According to the input force analysis in Figure 7 , input force component results from effect of two main forces: normal weight force and horizontal momentum impact force. Amount of the impact force depends directly on the wheel 6 Advances in Mechanical Engineering diameter ( ) and the height of the pump head cap (ℎ). Impact force has two components horizontal and vertical components. Vertical component is greater than the horizontal because height of appearing cup (ℎ) is very small relatively to tire diameter ( ) and instant impact force ( * cos( )) is greater more than ( * cos( )); therefore, system will only benefit from weight vertical component ( ) and the horizontal is dissipated as the losses. Table 1 shows the relation between ( , , ) which is measured by 3DMax program simulation and calculations of the input force component ( ) numerically in equal steps on the effective horizontal distance ( ).
Period time ( ) of the input load (which needs to make one stroke) is a function of the vehicle speed (V) and the effective horizontal distance ( ), and it is calculated as follows:
Response of dynamic structure is very sensitive for the effective input load time interval. If the time interval ( ) becomes very small (when vehicle speed is very high) or becomes very large (when vehicle speed is very small) then efficiency of the power hump design will decrease and the output power falls down; therefore, vehicle speed must be limited with the design operation speed.
Overall Governing Equation and Its Solution
For any stage of this design, after the end of input force effect, the system stays continuous in motion to supply electrical power benefits from the stored energy in the flywheel; therefore, overall governing equation will be divided into two main equations: the first for governing system motion during the load effect and the second for governing system motion after the end of the load effect. 
then, (26) becomes
where ( ) is the system natural frequency without damping system and ( ) is the system damping factor. Solving (28) depends on the type of the input load condition. If the input force strikes system with very small period time ( ), then (28) can be solved by expression of Duhamel's integral [17] :
where ( 0 ,̇0) are the initial pump displacement and velocity, respectively, ( ) is the numerical step interval time, ( 2 − 1 ) is the time period ( ) which was defined in (25), and ( ) is the system natural frequency with damping system, which is defined as follows:
If the system has multistages, then the first stage will start with zero initial condition, while the next stages start with initial condition greater than zero. Equation (29) can be solved numerically [18] , where
where ( ) is the number of system stage and ( ), ( ) are defined as follows:
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(33) ( ) is calculated using a similar expression with the cosine functions replaced by sine functions. The accuracy of the solution given by this procedure will depend upon the choice of Δ . It should be chosen small enough to ensure that the loading history and the trigonometric functions are accurately defined.
B: Governing Equation after the Load Effect ( > ).
At the end of the load effect flywheel will store energy making it rotate with maximum speed and separate from motor shaft by oneway clutch system when motor energy falls down. Flywheel will continue in rotation and drive the generator for some time, after separation benefiting from the stored energy.
If the generator connected with load circuit and current is flow, generator will resist the rotation and act as an electromagnetic brake system. Therefore, after separation, flywheel will act as an energy source (inertia torque effect) and generator will act as an energy dissipation (damping effect). For small generator, stiffness energy is very small and can be neglected ( ≈ 0) [19] . Then, governing equation for flywheel-generator system after separation can be derived as follows: Then, the solution of (34) is
And the flywheel angular speed is [20] Ω ( ) = Ω ( ) ⋅ − * ( / ) . Figure 8 shows the maximum kinetic energy which is stored in the flywheel when vehicle strikes the first stage with speed range (30-70 km/hr) and stage initial condition ( 0 ,̇0) equal to zero (application to (6), (9) and (31)). First stage has important role to limit many parameters, as flywheel inertia, because it starts from the rest. Figure 8 shows too that the maximum kinetic energy is actualized at a critical range value of flywheel inertia (0.0175-0.02 kg⋅m 2 ) and vehicle speed (V = 30 km/hr). Amount of the stored kinetic energy in the flywheel system depends on the two main factors: value of the flywheel moment of inertia ( ) and flywheel speed. If the value of flywheel inertia ( ) is smaller or greater than the critical range values, efficiency of the harvested energy will be decreasing because the flywheel inertia will become relatively either very light or very heavy, respectively, where if the system is providing with lighting flywheel, flywheel response speed becomes high, but the system will be unable to drive the generator and has suddenly break down after separation, while if the system is providing with heavy flywheel, then flywheel response speed becomes low, but the system will be able to drive the generator for further time after separation according to the definition of (37), therefore amount of ( ) should be limited by the critical range values. If the system is providing with the critical value of ( ), then system response will be depending on another new factor: length of the input 8 Advances in Mechanical Engineering load time period ( ), where if the vehicle speed is increased, length of load time interval ( ) is decreased, system response speed is decreased and the stored amount of kinetic energy is decreased too. In order to improve the results and make the system able to harvest kinetic energy for wide range of vehicle speed, input system is modified to have more than single stage, as showed in Figure 4 , where if the vehicle speed is relatively high and the system is started from the rest, then the first stage may be producing low response speed, while the second stage will benefit from response of the first stage and develops it to reach to the max and so on for the next stages. Figure 9 shows the relation between the maximum harvested kinetic energy, vehicle speed, and the number of associated stages. It shows that at vehicle speed range (20-30 km/hr) the system needs only two stages to reach the maximum flywheel kinetic energy, but for speed range (40-50 km/hr) the system needs four stages to reach the maximum energy.
Simulation and Results Discussion
That is, when vehicle speed range is 20-30 km/hr, system response is good and the system stages operation is more efficient; therefore, system used only two stages, while if the vehicle speed range is 40-50 km/hr, first and second system stages response is bad, and the stages operation has low efficiency because the load time interval ( ) is very short; therefore, the system adds another number of stages to improve the output response. Figure 10 shows the effect of the conversion ratio ( ) for many numbers of stages at vehicle speed (40 km/hr) and flywheel inertia (0.02 kg⋅ m 2 ). In the suggestion system each stage has small range of critical values of ( ) to obtain the optimum stage response. If the value of ( ) is less than the critical range values, stage's response will be reduced and the impact energy is dissipated because the system has a small conversion ratio and is unable to accelerate the flywheel, while if the value of ( ) is greater than the critical range values, stage's response falls down too, and the impact energy will be dissipated throw the heavy system inertia.
The best results which are obtained from Figures 8, 9 , and 10, the hypothetical masses and moment of inertia which are obtained by solid work program parts simulation, and the necessary initial kinematic values to carry out dynamic simulation are set in Table 2 Kinetic energy (N·m) Figure 9 : Maximum harvested kinetic energy with wide vehicle speed range, for many association stages. coming down motion (application of (31)) and the lower side is indicated to show the flywheel rotational speed with first stage zero initial conditions (derived by (31) with time and sub the result in (6)). Figure 11 shows, at vehicle speed 30 km/hr, the system used in the first two stages to accelerate flywheel to the maximum speed, while the other stages keep up the flywheel energy at the maximum level. Figure 13 shows, at vehicle speed 50 km/hr, the system employing five stages to accelerate flywheel to the maximum speed because the vehicle speed is high. Figure 14 shows the theoretical output power simulation which is harvested during the load effect when ( < ) (application to (6) , (23), and (31)) and after the separation of the flywheel-generator system when ( > ) (application to (23) and (37)), which is harvested from strike of one wheel at vehicle speed (40 km/hr). Figure 16 shows the instant output power for two following vehicles at speed (40 km/hr) and dimensions 
A B
(2) ( 1) Figure 15 : The simulated distances of any following passing vehicles in the next power figures. and = 2.5 m, according to Figure 15 . It shows too that the amount of harvested power from the front wheel is less than that of the rear wheel Harvestman because the system has zero initial conditions at the front wheel strike, while the rear wheel benefits from the system response continuity by the front wheel effect. Figures 17 and 18 show the effect of the EMG damping coefficient ( ) for six following vehicles with equal dimensions ( = 7 m and = 2.5 m), where if the value of ( ) is large, then resistance generator torque ( ) increases and instant output power pulses become high shock pulses with very small interval time, as shown in Figure 17 while if the value of ( ) is small, then resistance generator torque ( ) decreases and instant output power pulses become square pulses with large time interval, as shown in Figure 18 . Figure 19 shows instant output power simulations for 75 vehicles passing over the five stage hydraulic power hump design with random dimensions ( = 5 to 15 m and = 2 to 2.8 m) according to Figure 15 and random velocity (30 to 75 km/hr) with average weight equal to 1000 kg.
Conclusions and Recommendations
This paper suggested a new intelligent imagination design able to harvest energy from impact power, in addition to controlling speed of passing vehicles in public roads.
Heads of the hydraulic pumps should be covered by smooth aluminum hemisphere hats and get heights not exceeding the height of the standard road stud to avoid the potential side effects on the driving experience.
In the high speed ways, typical speed hump should be used to limit vehicle speed and increase efficiency and performance of the design while, in the limited speed ways, the hydraulic pumps can be installed directly on the road ground without speed hump need.
Motion of the flywheel-generator system wins acceleration and benefits from accumulation of small movements which started from the first to the last pumps.
Idea of absorbing of impact power by using multistages design is the most suitable method to accelerate the generator from the rest and harvest energy of impact energy on wide range of vehicle speed.
Application of Lagrange equation of motion and definition of Duhamel's equation with realistic boundary conditions provides more reasonable results and simulation curves.
Simulation results prove that the number of the system stages is a function of the vehicle speed and amount of current flow in the load circuit (output power).
Power simulation results also proved that 2000 watts of mean potential power is available by using one side wheels of passing vehicles. That means power hump design is able to harvest (4000 watts) from each passing vehicle having average weight (1000 kg) and speed range (30-50 km/h).
We have recommended constructing a prototype and applied method of the suggested design to make comparison and publish a further paper.
